Effects of carbonation temperature and compacting pressure on basic properties of calcite block were studied using Ca(OH)2 compact made with 0.2-2.0 MPa and their carbonation at 200-800ºC for 1 h. Microporous calcite was obtained only when carbonated at 600ºC using Ca(OH)2 compact made with 0.2 MPa even though thermogravimetry analysis showed that calcite powder was stable up to 920ºC under CO2 atmosphere. CaO formed by carbonation at 700ºC and 800ºC is thought to be caused by the limited CO2 diffusion interior to the Ca(OH)2 compact. Also, unreacted Ca(OH)2 was found for Ca(OH)2 compact prepared with 0.5 MPa or higher pressure even when carbonated at 600ºC. As a result of high temperature carbonation, crystallite size of the calcite, 58.0 nm, was signifi cantly larger when compared to that of calcite prepared at room temperature, 35.5 nm. Porosity and diametral tensile strength of the microporous calcite were 39.5% and 6.4 MPa.
INTRODUCTION
Microporous calcium carbonate (CaCO3) has played important roles in the reconstruction and regeneration of bone tissue since it shows excellent tissue response and bond to bone [1] [2] [3] . In addition, it gradually resorbed at the bone defect 4) . Also, CaCO3 could be a precursor for fabrication of carbonate apatite [5] [6] [7] . Marine coral is the example of CaCO3 used in clinics. Marine coral consists of 97% or larger amount of aragonite, one polymorph of CaCO3 and has interconnected macropores similar to cancellous bone. Unfortunately, marine coral taken from the ocean is not clean and has impurities. In contrast, CaCO3 block prepared artifi cially is clean and free from impurities. Also, artifi cial CaCO3 block can be prepared much cheaper since there is no need to collect from the sea.
It is well known that calcite, one polymorph of CaCO3, is formed when calcium hydroxide (Ca(OH)2) is exposed to carbon dioxide (CO2). Formation of calcite along with its setting reaction is well known as lime plaster. The use of lime plaster in art dates back to prepottery Neolithic period around 7200 BC. Three statues made with lime plaster at that period were found in Jordan 8) . Also, lime plaster was used for construction of building including early Egyptian pyramids. Although setting reaction and mechanical strength are the keys for use of lime plaster for construction, less attention has been paid for the complete carbonation or the remaining unreacted Ca(OH)2 as well as detailed kinetic study.
Recently, Matsuya et al. reported the kinetic study of the transformation of Ca(OH)2 compact to calcite under water saturated CO2 stream at room temperature [9] [10] . It was reported that formation of calcite based on the carbonation of Ca(OH)2 and the resulting setting reaction proceeds through two stages. First stage is the carbonation of surface layer of Ca(OH)2 particle. This stage proceeds quickly. Nano size calcite is formed on the surface of Ca(OH)2 particles and results in rapid increase in mechanical strength. As a result of the fi rst stage reaction, Ca(OH)2 particles became core-surface structure in which the core Ca(OH)2 is covered with surface calcite. At the second stage, CO2 need to diffuse interior to the particle through surface calcite layer. This process takes much longer time when compared to the fi rst stage. Concentration of CO2 plays a key role for both stages, and thus lower temperature resulted in faster carbonation process in the presence of water since solubility of CO2 in water is higher at low temperature 9) . However, solubility of CO2 in water is limited and diffusion should be slower at low temperature. Therefore, higher temperature could be preferable for faster diffusion of CO2 interior to Ca(OH)2 particle that is covered with calcite.
In this study, therefore, effect of sintering temperature on the carbonation process of Ca(OH)2 compact under CO2 stream was investigated using Ca(OH)2 compacts made by pressing uniaxially at 0.2-2.0 MPa.
MATERIALS AND METHODS

Calcium hydroxide compact preparation
Commercially obtained Ca(OH)2 (Wako Chemicals, Osaka, Japan) with an average particle size of 3 μm was used in this study. The Ca(OH)2 powder was placed in a stainless steel mold and pressed uniaxially with an oil pressure press machine (Riken Power, Riken Seiki, Niigata, Japan) under 0.2 MPa, 0.5 MPa, 1.0 MPa and 2.0 MPa. Specimens were prepared so that it would be 6 mm in diameter and 3 mm in height. 
Fabrication of microporous
Carbonation of calcium hydroxide compact
Ca(OH)2 compacts were placed in electronic tubular furnace (TMF-300, As One Corp., Osaka, Japan). The furnace was heated at rate of 5ºC/min from room temperature to 200ºC, 400ºC, 600ºC, 700ºC and 800ºC, and kept at the prescribed temperatures for 1 h. CO2 gas was supplied at a rate of 50 mL/min to the tubular furnace.
Mechanical strength
After the carbonation of the Ca(OH)2 compact, mechanical strength of the specimens was evaluated in terms of diametral tensile strength (DTS). The specimens were crushed using a universal testing machine (AGS-J, Shimadzu Co., Kyoto, Japan) at a crosshead speed of 1 mm/min after measuring the diameter and height of each specimen with a micrometer (156-101, Mitutoyo Co. Ltd., Kanagawa, Japan). The DTS values were averaged of at least ten specimens.
Microstructure
Fractured surface of the specimen was observed using scanning electron microscope (SEM: S-3400N, Hitachi High Technologies Co., Tokyo, Japan) at 15 kV of accelerating voltage after gold sputter coating.
Porosity measurement
For porosity measurement, the apparent density of specimen was calculated from the weight and dimensions of specimen. Relative density was calculated from a ratio of the apparent density to the theoretical density of Ca(OH) 2 (2.24 g/cm 3 ) and calcite (2.71 g/cm 3 ). The porosity was calculated by subtracting relative density from 1 and multiplying the result by 100. Total porosity was the average of at least fi ve specimens.
X-ray diffraction analysis
The specimens were ground into fi ne powders and were characterized by X-ray diffraction (XRD) analysis. The XRD patterns were recorded with a vertically mounted diffractometer system (D8 Advance A25, Bruker AXS., Karlsruhe, Germany) using counter-monochromatized CuKα radiation generated at 40 kV and 40 mA. The specimens were scanned from 10° to 60° 2θ (where θ is the Bragg angle) in a continuous mode at a scanning rate of 2°/min. Quantitative analysis was also done on the specimens during carbonation. Calibration curve for the quantitative analysis was made using a mixture of Ca(OH) 2 and calcite prepared from Ca(OH)2 with various percent ratio. Amount of calcite formed from Ca(OH)2 sintered from various temperatures were calculated from the integrated area ratio of the most intense peak for Ca(OH)2 (1 0 1, 2θ=34°) and calcite (1 0 4, 2θ=29°) using MDI Jade 5.0 Software (Materials Data Inc., Livermore, CA., USA).
Crystallite sizes, D, of the calcite formed by carbonation for 1 h with heat treatment of Ca(OH)2 compact prepared at various molding pressures were calculated based on XRD analysis using eq. (1), where β is corrected half width of calcite, θ and λ are Bragg angle and wave length of X-ray (CuKα).
The corrected half width (β) due to crystallite of calcite was calculated based on eq. (2) where B is the apparent half width of calcite and b is the instrumental broadening which can be calculated by using wellcrystallized α-quartz heated at 1,050°C.
Thermogravimetry analysis (TGA) Thermogravimetry of Ca(OH)2 and calcite powder and Ca(OH)2 compact were measured from room temperature to 1,000°C by thermogravimetry analysis (TG-DTA: EXSTAR TG/DTA6300, SII Nano Technology Inc., Chiba, Japan) under the stream of N2 and CO2. Heating rate was set at 5°C/min. Aggregation of the Ca(OH)2 particles of submicron size was observed in specimen before carbonation ( Fig. 1(a) ).
RESULTS
No signifi cant changes in the morphologies were seen after carbonation at 200ºC ( Fig. 1(b) ) and 400ºC ( Fig.  1(c) ). On the other hand, the smooth surfaces typical for sintered ceramics were observed after carbonation at (d) 600ºC, (e) 700ºC and (f) 800ºC. This may be the result of grain growth by sintering. Grains grew bigger with carbonation temperature. And intergranular spaces between grains decreased with increase in carbonation temperature up to 600ºC and then increased when the carbonation temperature was further elevated from 600ºC to 800ºC. Figure 4 summarizes the similar powder XRD patterns of Ca(OH)2 with that of Fig. 3 except for the pressure used for the fabrication of Ca(OH)2 compact. Uniaxial pressure employed for the fabrication of Ca(OH)2 compact was 0.2 MPa in the case of Fig. 3 whereas 2.0 MPa was used for Fig. 4 . Basically, similar products were obtained when Ca(OH)2 specimens compacted at 2.0 MPa were carbonated at various temperature.
In other words, Ca(OH)2 remained unreacted when carbonated at 200ºC, 400ºC, and CaO was found when carbonated at 700ºC and 800ºC. Key difference was the unreacted Ca(OH)2 when Ca(OH)2 compact was carbonated at 600ºC. As stated, no Ca(OH)2 was detected when Ca(OH)2 specimen compacted at 0.2 MPa was carbonated at 600ºC. However, unreacted Ca(OH)2 was found in specimens carbonated at 600ºC for 1 h when the Ca(OH)2 specimen was compacted at 2.0 MPa. The amount of unreacted Ca(OH)2 increased with compacting pressure used for the fabrication of Ca(OH)2 compact (data not shown). Table 1 summarizes the composition of specimens compacted at 0.2-2.0 MPa and carbonated at 200-800ºC for 1 h. Table 2 summarizes the crystallite size, D of the calcite formed by carbonation of Ca(OH)2 specimens compacted under 0.2-2.0 MPa and carbonated at 200-800ºC for 1 h. Crystallite size increased in proportion to the treatment temperature. Also, crystallite size increased with the molding pressure. Figure 5 summarizes the DTS values of the Ca(OH)2 specimen compacted under 0.2-2.0 MPa and carbonated at 200-800ºC for 1 h. The value increased with the rise of heating temperature up to 600ºC, then decreased from 600ºC to 800ºC regardless of the molding pressure of Ca(OH)2 compact. Also, a higher DTS value was obtained when Ca(OH)2 compact was made at higher molding pressure if the carbonation temperature was the same. Figure 6 summarizes the porosity of the Ca(OH)2 specimen compacted at 0.2-2.0 MPa and carbonated at 200-800ºC for 1 h. The value decreased with the rise of heating temperature up to 600ºC. Then the porosity slightly increased from 600ºC to 800ºC regardless of the molding pressure. Porosity was higher when Ca(OH)2 compact was made at lower pressure if the carbonation temperature was the same. Figure 7 summarizes the TGA profi le of Ca(OH)2 powder under N2 and CO2 atmosphere. Also, TGA profi le of Ca(OH)2 compact made with 2.0 MPa under CO2 atmosphere is listed for comparison. Under N2 atmosphere, thermal decomposition of Ca(OH)2 to CaO was initiated at 345ºC and was completed at 458ºC. On the other hand, carbonation occurs in addition to thermal decomposition under CO2 atmosphere. Carbonation of Ca(OH)2 powder was initiated at 270ºC and was completed at 640ºC. Then, thermal decomposition was initiated at 920ºC and was completed at 965ºC. Ca(OH)2 compact made with 2.0 MPa showed similar TGA profi le with that of Ca(OH)2 powder. However, carbonation was initiated at higher temperature, 374ºC, and was completed at 633ºC. Also, thermal decomposition to CaO was initiated at higher temperature, 925ºC and was completed at 973ºC. Figure 8 summarizes the TGA profi le of calcite under stream of N2 and CO2. Under the stream of N2, thermal decomposition of calcite was initiated at much lower temperature, 620ºC, when compared under CO2 and the thermal decomposition was completed at 770ºC. On the other hand, thermal decomposition of the Ca(OH)2 was initiated at 270ºC and was completed at 640ºC as shown in Fig. 7 .
DISCUSSION
Results obtained in the present study demonstrated clearly that pure microporous calcite block can be fabricated by carbonation of Ca(OH)2 compact even under dry CO2 atmosphere. Moreover, carbonation of the Ca(OH)2 compact proceeded much faster since Ca(OH)2 converted completely to calcite within 1 h when the carbonation temperature was 600ºC. It should be noted that, conversion of Ca(OH)2 to calcite took 72 h at room temperature even at 100% relative humidity 9) . Therefore, acceleration of carbonation is signifi cant at higher temperature.
Key issue for the fabrication of calcite block based on the carbonation of Ca(OH)2 compact at high temperature is the prevention of thermal decomposition of calcite. As shown in Figs. 3, 4 and Table 1 , CaO is formed when carbonated at 700ºC or higher temperature regardless of the compacting pressure used for the fabrication of Ca(OH)2 compact. As well known, CaO is sensitive to moisture and form Ca(OH)2. This leads to the destruction of structure, and results in decreased mechanical strength. In this study as well, decreased mechanical strength was observed for specimens that contained CaO even if the contents were limited (Fig. 5) .
CaO could be formed based on thermal decomposition of Ca(OH)2 as well as calcite. TGA revealed that calcite was stable up to 920ºC under CO2 atmosphere as shown in Fig. 8 . Formation of CaO at 700ºC and higher temperature indicated that diffusion of CO2 was not enough inside the compacts. In such condition, calcite decomposes to CaO from as low as 620ºC. Limitation of CO2 diffusion also affected the carbonation of Ca(OH)2. For example, no Ca(OH)2 remained when Ca(OH)2 compact was made with 0.2 MPa whereas unreacted Ca(OH)2 was found for Ca(OH)2 compacts made with 0.5 MPa, 1.0 MPa and 2.0 MPa. The amount of unreacted Ca(OH)2 became larger with molding pressure of Ca(OH)2 compact since higher molding pressure resulted in a less porous Ca(OH)2 compact and thus resulted in limited CO2 diffusion. The limited CO2 diffusion interior to Ca(OH)2 compact was also confi rmed by TGA profi le as shown in Fig. 7 . As shown, carbonation of Ca(OH)2 powder was initiated at 270ºC whereas that of Ca(OH)2 compact was initiated at 374ºC.
Interestingly, larger crystallite size was observed not only by employing higher temperature but also by higher compacting pressure (Table 2 ). Higher crystallinity could be the advantage of calcite block for its clinical use. Calcite block is expected to be resorbed at the bone defect similar to aragonite block. Regulation of resorption rate may be possible by regulating the crystallite size of calcite block. On the contrary, higher crystallite size could be a drawback if calcite block is used as a precursor for carbonate apatite block since dissolution rate will be suppressed.
Further studies are awaited based on the result obtained in this initial study.
